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Abstract
Blastocyst formation is associated with a marked increase in ATP production, much of which is thought to be associated with the active
transport of ions across the trophectoderm mediated by the sodium pump (Na, K, ATPase) resulting in the vectorial transport of water
into the blastocoel. In this study, the biochemical activity of the sodium pump was measured directly in single human and bovine embryo
extracts by monitoring the conversion of ATP to ADP in the presence and absence of ouabain. ATP and ADP were assayed by HPLC. In
both species, there was a transient, significant increase in sodium pump activity while the blastocyst was actively expanding. The oxygen
consumption of single human blastocysts was measured in order to estimate the proportion of total ATP used by the Na, K, ATPase. The
results suggest that approximately 60 and 36% of the ATP produced is used by the sodium pump during blastocoel expansion in the human
and bovine blastocyst, respectively.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Mammalian preimplantation embryo metabolism is char-
acterised by a marked increase in ATP production at the
blastocyst stage of development (Leese, 1991, 1995). For
example, the consumption of oxygen, the major route by
which ATP is generated during preimplantation develop-
ment, increases 2.7- and 2.25-fold between the morula and
the blastocyst stages in the mouse and cow, respectively
(Houghton et al., 1996; Thompson et al., 1996). Similarly,
the production of ATP calculated from oxygen consumption
and glycolysis (the conversion of glucose to lactate) in-
creases approximately 3- and 1.7-fold, over the same period
in the mouse and bovine embryo. The two major consumers
of ATP in mammalian somatic cells are ion pumping via the
Na, K, ATPase (sodium pump) and protein synthesis
(Kelly and McBride, 1990). Since a net increase in protein
content only occurs after blastocyst formation (Sellens et
al., 1981), it is likely that the increased requirement for ATP
at the blastocyst stage is largely a function of the Na, K,
ATPase. In the mouse, the sodium pump becomes assem-
bled at basolateral membranes of the morula and uses the
energy from the hydrolysis of ATP to pump 3Na out of the
cell in exchange for 2K, allowing the vectorial transport of
water and the formation of the blastocoel cavity (Watson
and Barcroft, 2001).
The sodium pump consists of two subunits; a catalytic 
subunit which binds ATP and contains a binding site for
ouabain, a specific inhibitor, and a noncatalytic, glycosy-
lated  subunit which has a structural role and is necessary
for processing and inserting the  subunit into the plasma
membrane (Geering, 1991; Ueno et al., 1997; reviewed by
Blanco and Mercer, 1998). Both subunits are coded for by
a multigene family, with four  subunit genes (1, 2, 3,
4) and three  subunit genes (1, 2, 3). There is also a
third, putative  subunit, which is associated with the
ouabain binding site (Mercer et al., 1993; Be´guin et al.,
1997) and may have a role in modulating sodium pump
* Corresponding author. Fax: 01904-328505.
E-mail address: fdh1@york.ac.uk (F. Houghton).
R
Available online at www.sciencedirect.com
Developmental Biology 263 (2003) 360–366 www.elsevier.com/locate/ydbio
0012-1606/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.dbio.2003.07.014
activity (Jones et al., 1997). Each subunit has a distinct
spatial and temporal pattern of expression in the embryo
(Watson and Kidder, 1988; Watson et al., 1990; Betts et al.,
1997, 1998; Jones, 1997; MacPhee et al., 2000).
Gene expression of the sodium pump isoforms has been
studied most extensively in the mouse where 1, 3, 2,
and 3 mRNA are expressed throughout preimplantation
development (Watson et al., 1990; Gardiner et al., 1990;
MacPhee et al., 2000). The 2 transcript is present in the
oocyte but not in any preimplantation-stage embryo, while
the 4 (testes-specific) transcript is not detectable in either
oocytes or embryos (MacPhee et al., 2000). The 1 mRNA
transcript is found in zygotes, is absent in the two- to
eight-cell stage, and is expressed again in the morula and
blastocyst stages (Watson et al., 1990). Finally,  subunit
transcripts are expressed in the oocyte and from the eight-
cell-stage embryo through to the blastocyst stage (Jones et
al., 1997). Although the mRNA of several Na, K,
ATPase isoforms is expressed throughout preimplantation
development in the mouse, only the 1 and 1 isoform are
localised to the basolateral membranes of the TE. The 3,
2, and 3 isoforms, although expressed, are not localised
to the plasma membrane at any stage (MacPhee, 2000). In
contrast, the  subunit is expressed from the eight-cell stage
to both the apical and basolateral cell margins (Jones et al.,
1997). In the bovine embryo, mRNA for 1, 2, 3, and 2
is expressed from the one-cell to the blastocyst stage with
the 1 transcript being expressed only at the morula and
blastocyst stage. The 4 transcript was not expressed at any
preimplantation stage (Betts et al., 1997). Using whole-
mount immunofluorescence, Na, K, ATPase 1 and 3
subunits were localised to cell margins from the one-cell to
the morula stage in the bovine embryo (Betts et al., 1998).
At the blastocyst stage, the 1 subunit protein is confined to
the basolateral cell margins of the trophectoderm but is
expressed at all cell margins of the ICM. In comparison, the
3 subunit is localised to the apical regions of the trophec-
toderm and is absent from the ICM (Betts et al., 1998).
There is no Na, K, ATPase expression data available for
the human preimplantation embryo.
The focus of research on Na, K, ATPase in the early
mammalian embryo has been at the level of gene and
protein expression, and to the best of our knowledge, there
are no reports of biochemical activity, measured directly as
ATP breakdown or ADP release. The activity of the enzyme
has however been measured indirectly in terms of ouabain-
sensitive 86Rb uptake in the mouse (Van Winkle and
Campione, 1991) and bovine (Betts et al., 1998) embryo.
Ouabain-sensitive 86Rb uptake increased two-fold and
three-fold from the morula to blastocyst stage in the murine
and bovine embryo, respectively. We now report the Na,
K, ATPase activity in human and bovine preimplantation
embryos, prior to, during, and following blastocoel expan-
sion. This has required the development of a method for
extracting the enzyme from intact blastocysts and an HPLC
system sensitive enough to measure the breakdown of ATP
and appearance of ADP by a single embryo extract. The
Na-, K-sensitive component of total ATPase activity has
been assumed to be that which is inhibited by ouabain. In
addition, the oxygen consumption of human blastocysts has
been determined (such data are already available for the
bovine; Thompson et al., 1996; Donnay and Leese, 1999)
allowing the proportion of ATP used by the sodium pump to
be estimated.
The data indicate a transient increase in Na, K,
ATPase activity as the blastocyst is actively expanding in
both the human and bovine embryo and that approximately
60 and 36% of the ATP generated during this time in terms
of oxygen consumption may be accounted for by the activ-
ity of this enzyme in the human and bovine embryo, respec-
tively.
Materials and methods
Spare human embryos donated for research were col-
lected from patients undergoing IVF from the Assisted
Conception Unit at Leeds General Infirmary. Full ethical
permission for the work was granted by the U.K. Human
Fertilisation and Embryology Authority and the Ethics
Committees of the collaborating institutions including in-
formed patient consent. Ovarian stimulation, oocyte collec-
tion, and fertilisation were conducted as previously de-
scribed (Houghton et al., 2002). Resultant zygotes were
cultured in 70 l drops of Medi-Cult Universal IVF medium
under oil at 37°C in 5% CO2. A maximum of three embryos
were transferred on day 2 postfertilisation, and any remain-
ing surplus embryos from day 2 to day 5 postfertilisation
were transported to York in sealed tubes of the same me-
dium at 37°C.
Human embryo culture
After recording developmental stage and grade, the hu-
man preimplantation embryos were cultured individually in
4 l drops of Earle’s Balanced Salt Solution (EBSS) under
oil at 37°C in 5% CO2 in air for 24 h. The embryos were
transferred to fresh 4 l drops every 24 h until the blastocyst
stage was reached. The medium was supplemented with
0.47 mM pyruvate, 1 mM glucose, 5 mM lactate, 0.5%
HSA, and a physiological concentration of amino acids
(Houghton et al., 2002). The morphological grade of the
embryos was assessed every 24 h. Human embryos at the
morula, early blastocyst; expanding blastocyst, and fully
expanded blastocyst stage were used in this study.
Embryos were scored as follows: early blastocyst, con-
taining a tiny cavity; blastocyst, if the cavity comprised less
than half the embryo; expanding blastocyst, if the cavity
comprised more than half the embryo; fully expanded blas-
tocyst, if the blastocoel cavity had pushed against the zona
pellucida, which in turn had begun to thin.
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Bovine in vitro maturation (IVM) and in vitro production
(IVP)
Bovine oocytes were retrieved from slaughterhouse ova-
ries according to the method of Thompson et al. (1996).
Briefly, immature oocytes were aspirated from ovarian fol-
licles, washed in Hepes-buffered TCM-199, and matured in
groups of 50 for 24 h in bicarbonate buffered TCM-199
with Earle’s balanced salt solution, glutamine, 10% fetal
calf serum, 10 ng/ml epidermal growth factor, 10 g/ml
ovine follicle stimulating hormone (FSH), 10 g/ml human
chorionic gonadotrophin (hCG), and 1 g/ml oestradiol in a
humidified atmosphere of 5% CO2 in air at 39°C (Carolan et
al., 1996). The matured cumulus oocyte complexes were
washed twice in Hepes-buffered Tyrode’s albumin lactate
pyruvate medium (Hepes-TALP) (Lu et al., 1987), followed
by a single wash in Hepes–TALP supplemented with 10
g/ml heparin, 0.3 ng/ml penicillamine, and 10 pg/ml hy-
potaurine (Fert-TALP). Spermatozoa were prepared from
frozen-thawed semen samples obtained from a single bull of
proven fertility according to Ferguson and Leese (1999).
Approximately 50 cumulus oocyte complexes were incu-
bated in 500 l Fert-TALP containing a final concentration
of 1  106 spermatozoa/ml for 24 h in a humidified atmo-
sphere of 5% CO2 in air at 39°C. After fertilisation, the
putative zygotes were vortexed for 2 min to remove any
remaining cumulus cells and washed in Hepes-buffered
Synthetic Oviductal Fluid (HSOF) (Ferguson and Leese,
1999). The putative zygotes were washed in bicarbonate
buffered SOFaaBSA, containing minimal essential medium
(MEM), essential and nonessential amino acids, 3.3 mM
DL-lactate, 0.33 mM pyruvate, 1.5 mM glucose, 1 mM
glutamine, and 8 g/l BSA. Putative zygotes were cultured in
groups of 20 in 20 l drops of SOFaaBSA in a humidified
atmosphere of 5% CO2, 5% O2 and 90% N2 at 39°C. Bovine
noncompacted and compacted embryos on day 6 of devel-
opment and blastocysts on day 7 and day 8 were used in this
study.
Measurement of Na, K, ATPase activity
Prior to determining the activity of the Na, K,
ATPase, individual embryos were incubated in 1 l of
extraction buffer (9 mM Tris–HCl, 0.9 mM EGTA, pH 7.4,
2 mg/ml BSA, 20 g/ml cytochalasin D) under oil for 2 h
at 37°C before being stored at 80°C. The same procedure
was also used for control drops in the absence of an embryo.
Upon thawing, 2 l of enzyme reaction mixture (2 mM
ATP, 3 mM MgCl2, 100 mM NaCl, 5 mM KCl, 1 mM
EGTA, 5 mM NaN3, 50 mM Tris–HCl, pH 7.4)  1 mM
ouabain was added to the drops, which were then incubated
at 37°C. Samples (0.2 l) were removed at 45-min inter-
vals and added to 25 l HPLC water and stored at 80°C.
The appearance of ADP from ATP by the embryo was
determined by using isocratic HPLC with a 250  4.60 mm
Phenomenex luna 5 C18 column (Phenomenex, Maccles-
field, Cheshire, UK). Each sample (15 l) was placed on the
column, and the nucleotides were eluted by using a 50 mM
NH4H2PO4: 4% methanol buffer at a flow rate of 1 ml/min
and detected at 254 nm on a BioTek 535 UV detector (Fig.
1). The appearance of ADP was calibrated against a series
of standards containing 0, 1, 2, 5 M ATP, ADP, and AMP.
Na, K, ATPase activity was calculated by subtracting
ATPase activity in the presence of ouabain from that in the
absence of ouabain.
Measurement of oxygen consumption
Oxygen consumption was measured on groups of 3-4
day 6 human blastocysts in EBSS supplemented with 1 mM
glucose, 5 mM lactate, and 0.47 mM pyruvate plus a phys-
iological concentration of amino acids over a 3- to 4-h
period, according to the method of Houghton et al. (1996).
Statistical analysis
Na, K, ATPase activities expressed as pmol/embryo/h
 SEM were analysed by one-way analysis of variance, and
differences between specific means were compared by Fish-
er’s test.
Results
The appearance of ADP from ATP in the presence of
ouabain was used to measure Na, K, ATPase activity in
single human embryos from the morula through to the fully
expanded blastocyst stage and in individual bovine blasto-
cysts from day 6 to day 8 of development. There was a
linear increase in the production of ADP from single em-
bryos for the duration of the experiments, both in the pres-
ence and absence of ouabain in the reaction mixture (Fig. 2).
Overall, the pattern of sodium pump activity was similar for
both the human and bovine embryo. The activity of the
Na, K, ATPase in the human was similar at the morula
and early blastocyst stages 27.7 pmol/embryo/h to 24.5
pmol/embryo/h, respectively (Fig. 3). The activity then in-
creased significantly to 94.5 pmol/embryo/h; P  0.001 at
the expanding blastocyst stage before decreasing to 33.5
pmol/embryo/h at the expanded blastocyst stage. In the
bovine embryo, there was no significant difference in Na,
K, ATPase activity on day 6 between noncompacted
(106.5  6.5 pmol/embryo/h) and compacted (100.4  8.3
pmol/embryo/h) morulae (Fig. 4). Sodium pump activity
then increased significantly (P  0.001) to 163.7  8.2
pmol/embryo/h for the day 7 blastocyst before decreasing to
71.0  12.2 pmol/embryo/h for blastocysts on day 8 (P 
0.001).
The average oxygen consumption by day 6 human blas-
tocysts was 0.71  0.07 nl/embryo/h. The value for bovine
blastocysts is 2.04 nl/embryo/h (Donnay and Leese, 1999).
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Calculation of ATP production
ATP production can be calculated on the assumption that
the consumption of 1 nl oxygen produces 225 pmol ATP
(Brand, 1994). On this basis, 160 pmol of ATP are produced
per human blastocyst per hour. In the bovine embryo, a
value of 459 pmol/blastocyst/h was obtained (Donnay and
Leese, 1999). It may be calculated that approximately 15%
of the ATP produced by the human early blastocyst is used
by the sodium pump. This increases to 60% at the expand-
Fig. 1. Example of an HPLC chromatogram of ADP appearance from ATP at time 240 min in the absence of a blastocyst ( ), in the presence of a blastocyst
and ouabain (  ), and in the presence of a blastocyst without ouabain (    ).
Fig. 2. Calculation of ouabain-sensitive Na, K, ATPase activity from the linear appearance of ADP from ATP by a single human blastocyst in the presence
or absence of ouabain.
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ing blastocyst stage before decreasing to 21% at the fully
expanded blastocyst. Similarly, in the bovine blastocyst, the
sodium pump accounts for approximately 36% of ATP
production on day 7 before decreasing to 15% on day 8.
Discussion
The activity of the Na, K, ATPase has been measured
directly for the first time in single human and bovine early
embryos using an HPLC-based method to monitor the ac-
cumulation of ADP from ATP hydrolysis. Using this
method, it is possible to measure ATPase activity without
the use of radioactive surrogates of K, such as 86Rb.
Sodium pump activity was similar at the morula and early
blastocyst stages, but increased dramatically at the expand-
ing blastocyst stage before decreasing in the fully expanded
blastocyst.
While the qualitative patterns of sodium pump activity
throughout development were similar in the human and
bovine embryo, there were marked quantitative differences,
particularly at the expanding blastocyst stages. Thus, so-
dium pump activity was 94.5 pmol/embryo/h and 164 pmol/
embryo/h in the expanding human and bovine blastocyst,
respectively. This was surprising, since the embryos in both
species are of similar size and cell number. One explanation
may be in terms of the apical localisation of the 3 isoform
of the sodium pump in trophectoderm cells in bovine blas-
tocysts (Betts et al., 1998). These investigators found that
42% of the total ouabain-sensitive 86Rb uptake by blasto-
cysts following collapse in the presence of cytochalasin D,
was also present in noncollapsed blastocysts. This com-
pared with 20% in the mouse (Van Winkle and Campione,
1991). It is not known whether the sodium pump is located
on apical trophectoderm membranes in the human blasto-
cyst, but its absence might explain this variation. Alterna-
tively, the sodium pump may be present at a reduced density
in the human compared with the bovine embryo. One fur-
ther explanation may be in terms of differences in the lipid
content of bovine and human embryos since activity of the
sodium pump enzyme has been shown to be related to
packing of membrane lipids (Wu et al., 2001).
In this study, bovine and human embryos were cultured
under different conditions. Spare human embryos were cul-
tured individually under 37°C in 5% CO2 in air. Bovine
embryos will not develop when cultured individually, but
20–25% of the matured oocytes fertilise and reach the
blastocyst stage when cultured in groups of 20 in 20 l
drops under 5% CO2, 5% O2, and 90% N2 at 39°C. This rate
is severely reduced when embryos are cultured in 5% CO2
in air. It is unlikely that culture environment affects sodium
pump activity directly, since the bovine embryo reaches the
blastocyst stage at a rate comparable to their in vivo coun-
terparts. The culture environment is more likely to affect the
ability of an embryo to develop through the “block,” or to
cavitate. However, there may be an indirect effect of culture
since bovine tight junction mRNA expression levels are
sensitive to in vitro conditions, which may influence the
developmental potential of blastocysts (Miller et al., 2003).
The present values for the direct measurement of Na,
K, ATPase activity were similar to those obtained by the
measurement of ouabain-sensitive 86Rb uptake in the
mouse (Van Winkle and Campione, 1991) and bovine
(Betts et al., 1998) embryo. For example, the Na, K,
ATPase activity for the day 8 bovine blastocyst was 71
pmol/embryo/h in the present study compared with 120
pmol/embryo/h using the indirect 86Rb method (Betts et
al., 1998). However, the indirect method relies on measur-
ing the intracellular accumulation of 86Rb in the presence
and absence of ouabain and assumes that Na, K, ATPase-
independent 86Rb uptake is similar in the presence and
absence of ouabain. This may not be the case since inhibi-
tion of the sodium pump in the presence of ouabain may
interfere with the 86Rb gradient across the cell, leading to
passive 86Rb transport. (Fe´raille and Doucet, 2001).
In the mouse and cow, the sodium pump first becomes
assembled to cell membranes at compaction (Watson and
Kidder, 1988) and has a low level of activity up to this stage
(Van Winkle and Campione, 1991; Betts et al., 1998). The
present data suggest that the process of cavitation itself does
not require upregulation of the sodium pump since its ac-
tivity in the early blastocyst was not significantly different
to that in the morula. However, while the blastocyst was
actively expanding, sodium pump activity was 3.4-fold and
1.5-fold higher in the human and bovine embryo, respec-
tively. This suggests the presence of a signalling mechanism
which may act to increase sodium pump activity after the
embryo has cavitated. Although the precise mechanism for
the initiation of cavitation and fluid accumulation has yet to
be elucidated, it is likely to involve ion and substrate trans-
porters as well as the precise temporal and spatial assembly
of junctional proteins (Fleming et al., 2000). This is sup-
ported by evidence which suggests that genes expressing the
Fig. 3. Na, K, ATPase activity of the human embryo. Values are an
average of 5 determinations  SEM. ***, P  0.001 significance from the
other stages of development.
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tight junction proteins ZO-1 alpha and ZO-2 as well as
desmocollin 2 are associated with blastocyst formation in
the human (Ghassemifar et al., 2003). Variation in sodium
pump activity between the human and bovine may represent
differences in the expression of junctional complexes be-
tween embryos in the two species. The production of met-
abolic water as a byproduct of lipid oxidation has also been
implicated in the formation of the nascent blastocoel cavity
(Wiley and Eglitis, 1981), but this hypothesis has been
contested (Biggers et al., 1988).
Our data indicate that, once the nascent blastocoel cavity
is formed, sodium pump activity increases dramatically and
utilises approximately 60 and 36% of the ATP produced in
the human and bovine expanding blastocyst, respectively.
Once the blastocyst is fully expanded, Na, K, ATPase
activity decreased to basal levels. The mechanism by which
sodium pump activity in the blastocyst is regulated is un-
known. The transient increase in activity is unlikely to be
due to the synthesis of new sodium pump isoforms since
these effects were observed within a 24-h period, but rather
from regulation of the enzyme by as yet unknown factors,
such as ion gradients, hormones, and phosphorylation by
protein kinases (reviewed by Fe´raille and Doucet, 2001). It
is also possible that Na, K, ATPase activity could in-
crease by recruitment from intracellular stores (Fisher and
Margulies, 2002).
Oxygen consumption provides the best global indication
of the ability of a mammalian cell to produce ATP. The
oxygen consumed by day 6 human blastocysts increased
1.6-fold over cleavage stages of development (Butcher et
al., 1998); a value comparable to the 2.3-fold and 2.8-fold
increases observed in the bovine and murine blastocyst,
respectively (Thompson et al., 1996; Houghton et al., 1996).
Our data suggest that, as the blastocyst actively expands, a
major proportion of the ATP produced is used to fuel the
Na, K, ATPase enzyme in both the human and bovine
embryo. Once the blastocyst is fully expanded, it is likely
that the majority of ATP is no longer required for sodium
pumping but may instead be used for protein synthesis.
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